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Figure 8. Variogram of hydraulic conductivity for the Duchesne River-Uinta aquifer.

3. Basin trends in hydraulic conductivity are sig-
nificant. To a large degree, basin values of
hydraulic conductivity are controlled by large
fractures and tectonic features that either cannot
be evaluated using local-scale measurements or
are treated as boundary conditions in the inter-
pretation of aquifer tests.

The digital model of ground-water flow
described later in this report was used to evaluate the
first hypothesis. The second hypothesis cannot be eval-
uated without detailed study of fracture networks in the
Duchesne River-Uinta aquifer. The aquifer test and
onsite estimates described by Hood (1976) are evi-
dence that the third hypothesis may be realistic.

ANALYSIS OF STEADY-STATE FLOW IN
THE DUCHESNE RIVER-UINTA AQUIFER

Development of Flow Model

Steady-state ground-water flow in the Duchesne
River-Uinta aquifer was simulated with a mathematical
model described by Cooley and Naff (1985) and mod-
ified by Garabedian (1984). The model was developed
to check for consistency in estimates of ground-water
recharge and discharge and estimated hydraulic-head
distribution. In addition, the model was developed to
estimate basin-scale aquifer transmissivity.

ANALYSIS OF STEADY-STATE FLOW IN THE DUCHESNE RIVER-UINTA AQUIFER

The model of the Duchesne River-Uinta aquifer
is based on the differential equation of steady-state
ground-water flow in two dimensions. The equation
represents the physical processes present in the flow
system. Because the differential equation cannot be
solved directly, integrated finite-difference approxima-
tions were used, with nodes located at the corners of
finite-difference blocks.

The nodal network established for the model,
with uniform node spacing of 2.5 mi, encloses an area
of about 4,190 mi? (fig. 9). The nodal spacing was
selected in part on the basis of an analysis of hydraulic-
head variograms (fig. 6). These variograms indicate
that variations in water-level measurements over dis-
tances of less than 5 mi are the result of local variations
in aquifer properties. Hence, a nodal spacing of 5 mi is
sufficient to evaluate basin variations in ground-water
levels. However, a nodal spacing of 5 mi is not suffi-
ciently detailed to provide a good representation of
boundary geometry. The nodal spacing of 2.5 mi used
in the model represents a practical compromise.

The lateral model boundaries are coincident, for
the most part, with the boundaries of the Duchesne
River and Uinta Formations (fig. 2) except along the
southern edge of the Uinta Formation and in the area
south of the White River. Along part of the southern
boundary of the model, the Duchesne River and Uinta
Formations are not present where they have been
eroded by streams. Where erosion has occurred, the
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underlying Green River Formation is exposed. Else-
where along the southern boundary, the Uinta Forma-
tion is not saturated or, where saturated, basin
movement of water does not occur. The boundaries all
are represented as no-flow nodes; streams are repre-
sented by stream nodes. The area south of the White
River was not included in the model after attempts to
include the area produced unacceptable model results.

Initial Estimates of Hydraulic Characteristics

Information needed to begin developing a flow
model of the Duchesne River-Uinta aquifer included
the areal distribution and rates of aquifer recharge, the
distribution and rates of aquifer discharge along
streams, the distribution and magnitude of transmissiv-
ity, and the locations of measured water levels. Meth-
ods used to obtain these estimates were given in
preceding sections; the initial estimates are reviewed
briefly in this section and evaluated for reliability.

Recharge to the Duchesne River-Uinta aquifer,
derived from precipitation and seepage from canals and
streams, occurs primarily in upland areas along the
margins of the Uinta Basin. Initial estimates (fig. 7)
were obtained by a method that assumes recharge to be
a percentage of average annual precipitation. The per-
centage is estimated by considering geology; physiog-
raphy; and the volume, time, and areal distribution of
precipitation. Although a quantitative evaluation of
accuracy has not been undertaken, the method has been
applied in many parts of Utah and has given useful
results.

Discharge from the Duchesne River-Uinta aqui-
fer, which occurs primarily along perennial streams,
cannot be accurately measured. As a first approxima-
tion, gains or losses in average January streamflow for
paired gaging stations on perennial streams were com-
pared (table 1). Differences in streamflow at paired
gaging stations are considered to be a first approxima-
tion because ungaged surface runoff was not consid-
ered and January stage measurements are affected by
ice. Also, the rate of ground-water discharge generally
is small compared to total stream discharge. January
measurements are useful because the effects of evapo-
transpiration, bank storage surface runoff, and irriga-
tion-return flow are generally at a minimum.

Transmissivity of the Duchesne River-Uinta
aquifer is poorly defined. While thickness of the aqui-
fer can be measured with reasonable accuracy, the anal-
ysis of hydraulic conductivity given previously shows

ANALYSIS OF STEADY-STATE FLOW IN THE DUCHESNE RIVER-UINTA AQUIFER

that several interpretations are possible. Most of the
apparent confusion can be related to a poor understand-
ing of the fracture network of the Duchesne River-
Uinta aquifer, and the fact that virtually all estimates of
hydraulic conductivity are obtained from specific-
capacity tests. However, estimates of hydraulic con-
ductivity obtained from an aquifer test with observa-
tion wells cannot be considered to be very reliable due
to a lack of knowledge about the fracture network.

Assuming an aquifer of nearly uniform thick-
ness, transmissivity of the Duchesne River-Uinta aqui-
fer was initially estimated to be 1,000 ft%/d. Variogram
analysis of hydraulic conductivity for the Duchesne
River-Uinta aquifer shows that a uniform value may be
appropriate. Because of the simplistic approach taken
for selecting an initial estimate, transmissivity was var-
ied frequently during model development.

The location and values of measured water levels
are accurately known. This accuracy however, must be
evaluated in terms of generalized basin ground-water
movement as opposed to smaller local flow systems
that may vary from the generalized basin flow system.
The variogram analysis of water-level measurements
showed that differences in water levels on the order of
212 ft could be expected at distances of 2.5 mi. There-
fore, differences of 212 ft could be attributed to local
effects. For this reason a standard error of 212 ft differ-
ence in water level was selected as one of the criteria
for calibration of the hydrologic model.

Calibration

Simulation made using initial estimates of model
parameters did not result in a hydrologically reasonable
description of steady-state flow in the Duchesne River-
Uinta aquifer. Specifically, hydraulic head at observa-
tion wells calculated during the initial steady-state sim-
ulation did not closely match field measurements.
Calculated aquifer head near streams that act as points
of ground-water discharge generally were less than the
altitude of the stream channel. Such a condition in a
discharge area is physically unreasonable. This initial
result was not unexpected, however, because initial
estimates of transmissivity, and aquifer recharge and
discharge were not based on reliable site data.

Because injtial estimates of some model param-
eters were unreliable, the parameter values were varied
until model-calculated head correctly simulated mea-
sured or known conditions. This process of varying
model parameters to more accurately simulate reliable
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data is called calibration. Transmissivity was the prin-
cipal model parameter varied during calibration. Esti-
mates of aquifer recharge (202 ft*/s) were considered
to be more reliable and were not changed substantially
without data or sound hydrologic justification. Simi-
larly, discharge estimates (202 ft*/s) were not changed
substantially unless initial estimates were considered
inaccurate. Streams along which recharge or discharge
were considered inaccurate included the Green, White,
and Uinta Rivers.

A statistical algorithm based on nonlinear regres-
sion techniques (Cooley, 1982) was used to calibrate
the Duchesne River-Uinta aquifer model. The algo-
rithm obtains estimates of model parameters that mini-
mize the squared difference of calculated and measured
head. Model parameters are treated within the algo-
rithm as coefficients of a regression equation that, upon
solution, is equivalent to the finite-difference equation
of ground-water flow. Estimates of model parameters
may be constrained within the algorithm if adequate
information is available prior to the simulation. The
constraint 1s included within the algorithm by provid-
ing both an initial estimate of the parameter value and
a value for the error variance of the initial estimate. A
boundary condition or aquifer property may be speci-
fied exactly by not including it as a parameter in the
regression analysis. A computer program documented
by Cooley and Naff (1985), and modified by Garabe-
dian (1984) includes the statistical calibration algo-
rithm.

Results of the statistical calibration algorithm
include estimates of model parameters and a measure
of model reliability, called the standard error, for each
parameter. Each standard error has units equal to the
units of the corresponding parameter. For example, the
standard error of transmissivity has units of feet
squared per day. Qualitatively, a small standard error,
relative to the parameter estimate, indicates that the
parameter is estimated with a good degree of accuracy.
Also, a small standard error usually indicates the simu-
lation results are relatively sensitive to changes in the
parameter estimate.

Calibration of the Duchesne River-Uinta aquifer
model was accomplished in a step-wise manner, begin-
ning with relatively simple distributions of aquifer
characteristics and boundary conditions, and proceed-
ing to more complex distributions. In each step of the
calibration process, values for model parameters were
estimated by nonlinear regression and model-calcu-
lated hydraulic heads were compared with measured

water-level data. If the standard error for the particular
model run was greater than 212 ft, or if the comparison
between calculated and measured heads was particu-
larly poor in parts of the aquifer, a new distribution of
model parameters was hypothesized and a nonlinear
regression 'was repeated. This calibration approach is
analogousito the forward-selection procedure for
obtaining an appropriate regression equation (Draper
and Smith, 1966, p. 169-171). The calibration criterion
of 212 ft was selected based on the analysis of the
hydraulic-head variogram analysis discussed previ-
ously.
|

Results of Flow Simulation

The tiquifer properties used in the ground-water
flow model that resulted in the best simulation of basin
geohydrologic conditions are described in this section

of the report. A comparison of model results with mea-
sured geohydrologic data is presented in a later section.

Recharge

Ground-water recharge calculated in the final
model calibration run indicated total recharge from
precipitation was 262 ft3/s and recharge from the Green
River was about 8 ft3/s (fig. 10). This varies from the
initial estimates of recharge given in an earlier section
of the report. Variations can be justified on the basis of
physical characteristics not considered in the initial
estimates. | Recharge in the southern part of the model
area is less than initially estimated by Price and Miller
(1975). The difference in model calculated recharge
and that initially estimated is not surprising because the
initial estimate does not differentiate between local and
basin ground-water flow when estimating recharge.
Recharge in areas adjacent to the Uinta Mountains is
greater than initially estimated by Hood and Fields
(1978). The Duchesne River Formation along the
Uinta Mountains is underlain by permeable aquifers of
Mesozoic and Paleozoic age that may leak water
upward into the Duchesne River-Uinta aquifer. Hood
and Fields|(1978) characterized ground-water move-
ment in aquifers of Mesozoic and Paleozoic age by
shallow circulation and short flow paths in areas adja-
cent to the Uinta Mountains. Smaller hydraulic con-
ductivity in deeply buried parts of the Uinta Basin
limits basin ground-water movement in aquifers of
Mesozoic and Paleozoic age.

16 GROUND-WATER FLOW IN THE DUCHESNE RIVER-UINTA AQUIFER, UINTA BASIN, UTAH AND COLORADO




“19jinbe ejuin-1eAly eusayonq ayj 10} ab1eyoal pajeiqied-1epon ‘01 94nbi4

SHILINOTIN 09 02 0
| l _ 0861 ‘OPEIO[0D PUE ‘9261
_ _ [ _ ‘yeln :sdew eseq 81€1S 000'00S:
STUN 09 o 0z 0 Aoning [eodibojosy) ‘s’ woy aseg
B -
M | Ro |
.w. .
aTaEVD _ 2 »
vl E
—— — ! HVININ &
D ~
L.J a ,wmf m
gl
cl-
2|z ;
[~
S| uiseg Jany
opelojo) Jeddn
ODNVTE Ol oy ouo Aepunog
fond -
4]
MY diyg,
IVAION
yx4 oL
0 6
vi 8
134 YA
S 9
G S
& : s v
% | 1INANS S0’ 65" €
slonesey 810 4 e
uses9 abu09 _ 2000 80" 1
oavao1od | — L S o By . HVIA Ll _Dwsr  (eekied seyom) {reok iod souou) — xspu
05801 ONIINOAA 00601 0 00,011 ONINOAM L0 Jol8 piepuels abJeyosl pajelqied Q-._O._@.m_uoz

‘xeput dnoib
8pou s JequinN "ajqe} Buimoljojey) ur usaib ale
loue plepue)s pue abieyoal pajeiqied--dNOYD
3AON HO 3AON IDHVHOIY HIJINOVY WHOLINN _.I.__H_J

NOILVYNV1dX3

17

ANALYSIS OF STEADY-STATE FLOW IN THE DUCHESNE RIVER-UINTA AQUIFER



Discharge

Estimates of ground-water discharge to streams
resulting from model calibration except for the Green
and Uinta Rivers were not substantially different from
initial estimates. The total discharge from the Duch-
esne River-Uinta aquifer to all streams after calibration
of the model was about 270 ft%/s. Initial estimates of
ground-water discharge to streams (table 1) obtained
from an analysis of streamflow records were not
believed to be accurate; however, varying most dis-
charge estimates during model calibration did not
improve the comparison between simulated and mea-
sured heads. This poor comparison is significant
because errors in estimated aquifer discharge cause
corresponding errors in other model parameters. This
is because aquifer recharge, transmissivity, and other
model parameters calculated during calibration are
expressed in the model as a ratio to aquifer discharge.

Ground-water discharge to the Green and Uinta
Rivers was estimated during model calibration. As dis-
cussed previously, initial estimates of discharge could
not be made with confidence because any reasonable
discharge was less than the accuracy of streamflow
measurements. However, it was hypothesized that the
Green River loses water to the Duchesne River-Uinta
aquifer upstream from the mouth of the White River
and the Green River gains water from the Duchesne
River-Uinta aquifer downstream from the White River.
This hypothesis was tested during model calibration
and a net loss of about 8 ft3/s from the Green River to
the Duchesne River-Uinta aquifer was found to be rea-
sonable. Similarly, a gain of about 45 ft*/s to the Uinta
River from the aquifer was found to be reasonable.
Estimated ground-water recharge and discharge along
the Green and Uinta Rivers are given in table 2. The
standard errors of estimate are large, indicating the
relation between the Green and Uinta Rivers and the
Duchesne River-Uinta aquifer is very poorly under-
stood.

Transmissivity

The basin distribution of transmissivity for the
Duchesne River-Uinta aquifer obtained during model
calibration, and the standard error of estimate are
shown in figure 11. The values shown in the figure rep-
resent estimates of basin transmissivity and may sub

Table 2. Ground-water recharge and discharge along the
Green and Uinta Rivers estimated during model
development.

Ground-water

recharge or Standard
‘ discharge (-) error
\ (cubic feet (cubic feet
| Stream per second) per second)
Uinta River -44.6 35.0
Green River—upstream 9.4 31.3
from White River
Green River—downstream -0.95 1.2
from Vyhite River

stantially differ from estimates of transmissivity
obtained from aquifer tests.

Large areas of the Duchesne River-Uinta aquifer
are characterized by a transmissivity of about
4,400 ft*/d; however, the standard error of this estimate
varies significantly. The central part of the model area,
subarea 2, is characterized by a large standard error of
estimate--about 1,600 ft?/d. This may be a reflection of
the greater density of water-level data and resulting
better definition of local flow systems. Subarea 6,
north of the White River is characterized by an even
larger standard error of estimate--about 15,000 ft%/d.
The small standard error in the southern part of the
model area, subarea 1, is about 450 ft#/d, possibly due
to a scarcity of data.

Transmissivity within the Duchesne fault zone
(subarea i3) probably is less than within adjacent areas.
However, this conclusion is tentative because the stan-
dard error of estimate for this subarea is nearly as large
as the transmissivity value. The hypotheses of anisot-
ropy and large transmissivity within the Duchesne fault
zone were tested during model calibration but did not
improve the model. The model insensitivity may be
due to a lack of water-level data within the fault zone.

Transmissivity in the western part of the model
area, subarea 5, is less than in the southern part,
subarea 1, and central part, subarea 2. Faults are com-
mon in the western part of the model area, as are local
flow systems. The smaller basin transmissivity may be
a reflection of the large component of local flow.
Transmissivity at a local scale may be significantly dif-
ferent from transmissivity at a basin scale. Faults may
act as boundary conditions for local flow systems and

18 GROUND-WATER FLOW IN THE DUCHESNE RIVER-UINTA AQUIFER, qINTA BASIN, UTAH AND COLORADO
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given in the following table. Number is subarea
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Aquifer Transmissivity Standard error
subarea (feet squared per day) (feet squared per day)

1 4,400 450
2 4,400 1,600
3 610 440
4 2,200 240
5 2,400 480
6 4,500 15,000

Figure 11. Basin distribution of transmissivity for the Duchesne River-Uinta aquifer.
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restrict basin movement of water. This restriction
would effectively reduce basin transmissivity.

Transmissivity also is less along the Uinta
Mountains resulting in relatively steep hydraulic gradi-
ents compared to the central part of the basin. The
Uinta Formation is absent in this area, and the Duch-
esne River-Uinta aquifer may be thinner than in areas
farther south. The standard error of estimated trans-
missivity also is small, possibly due to data scarcity.

Comparison of Simulation Results with
Measured Water-Level Data

One method for evaluating results of the simula-
tions is to compare calculated hydraulic head with
measured water-level data. Model-calculated hydrau-
lic head in the Duchesne River-Uinta aquifer compares
favorably with measured water-level data based on a
large value of the coefficient of determination, 0.97.
This means that 97 percent of the variance in the mea-
sured heads was simulated.

The standard error of calculated head, a measure
of overall model fit, is 187 ft. The standard deviation
of measured water levels separated by a distance equal
to the model-node spacing (fig. 6) is 212 ft. By this cri-
terion the model of the Duchesne River-Uinta aquifer
is considered to be reasonable. Contours of the simu-
lated hydraulic head are shown on figure 12.

Residuals, the difference between calculated and
measured water levels, also were analyzed to evaluate
the adequacy of the flow model. A.model adequately
describes ground-water flow if the distribution of resid-
uals is approximately random with a mean of zero. If
the residuals show definite areal patterns then addi-
tional calibration may be needed. Graphical proce-
dures described by Draper and Smith (1966, p. 86-99)
and visual analysis of the results were used. Visual
analysis is an adequate method for detecting trends in
residuals because the Duchesne River-Uinta aquifer
model is not intended to be used as a predictive tool.

A graph of residuals plotted as a function of
model-calculated hydraulic head showed the distribu-
tion of residuals to be approximately random. The
variance of residuals did not appear to increase or
decrease as a function of calculated head. Residuals
also appeared to be distributed with a mean of approx-
imately zero. When calculated, the mean residual was
8 ft. This is not significantly different from zero.

A map plot of residuals and wells, where water-
level measurements were available (fig. 13), indicated
that simulated hydraulic head along Lake Fork River is
consistently underestimated. This error in calculated
heads has resulted in compensating positive residuals
both east and west of Lake Fork River. The discrep-
ancy may be due to unmapped and unmodeled glacial
outwash deposits that provide locally important
recharge water to Lake Fork River and form a local
flow system. Areally distributed recharge along Lake
Fork River was not included in the model of the Duch-
esne River-Uinta aquifer because the hypothesized
recharge fnly represents a local condition.

In all other areas of the model of the Duchesne
River-Uinta aquifer, the map plot of residuals showed
that basin variations in transmissivity, recharge, and
discharge are adequately described. Although
figures 6 and 8 show that significant local deviations
from basin trends are common, basin variations can be
described by relatively few model parameters. As
figure 11 shows, only six values of transmissivity were
needed to calibrate the model. Future investigations
directed toward reducing the magnitude of residuals
will need|to emphasize the role of local flow systems in
the Duchesne River-Uinta aquifer.

20 GROUND-WATER FLOW IN THE DUCHESNE RIVER-UINTA AQUIFER, UINTA BASIN, UTAH AND COLORADO
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SUMMARY

The Duchesne River-Uinta aquifer, comprised of
the Duchesne River and Uinta Formations, is an impor-
tant basin aquifer in the Uinta Basin of Utah and Colo-
rado. The aquifer consists of about 8,000 ft of
variegated red shale, thinly bedded calcareous shale,
siltstone, sandstone, and conglomerate. The Parachute
Creek Member of the Green River Formation forms a
relatively impermeable bottom for the Duchesne
River-Uinta aquifer.

Ground water in the Duchesne River-Uinta aqui-
fer is present within a complex system of shallow
water-table, perched, and deep artesian conditions.
Ground-water recharge is derived from precipitation
and from seepage losses from canals and streams.
Ground-water discharge is from the Duchesne River-
Uinta aquifer into the thin alluvial deposits along the
major streams and ultimately into the stream channels.

The potentiometric surface of the Duchesne
River-Uinta aquifer indicates basin variations in
hydraulic head and can be used to infer directions of
basin ground-water movement. Analysis of vario-
grams indicates that the difference in hydraulic head
expressed by measurement of data points less than 5 mi
apart is caused by local hydrologic effects. The differ-
ence in hydraulic head expressed by measurement of
data points separated by 5 to 40 mi is caused by both
local and basin effects. The difference in hydraulic
head expressed by measurement of data points greater
than 40 mi apart is caused by basin effects.

A computer model was developed to simulate
steady-state ground-water flow in the Duchesne River-
Uinta aquifer. Calibration of the model was done in a
step-wise manner, beginning with relatively simple
distributions of aquifer characteristics and boundary
conditions, and proceeding to more complex distribu-
tions when simple models proved inadequate. Distri-
butions of aquifer characteristics and boundary
conditions tested during model calibration were sup-
ported by geologic or hydrologic evidence.

The model of the Duchesne River-Uinta aquifer
was used to refine estimates of ground-water recharge.
Recharge to the basin ground-water system in the
southern part of the model area is less than previously
calculated, while recharge in areas adjacent to the
Uinta Mountains is greater. With the exception of the
Green and Uinta Rivers, estimates of ground-water dis-
charge to streams used during model calibration were
not significantly different from initial estimates.

The distribution of basin transmissivity for the
Duchesne River-Uinta aquifer was obtained during
model calibration. Large areas of the Duchesne River-
Uinta aquifer are characterized by a transmissivity of
about 4,400 ft*/d. Transmissivity within the Duchesne
fault zone and in the western part of the study area
probably is smaller than in adjacent areas. Along the
Uinta Mountains, smaller transmissivity has resulted in
relatively steep hydraulic gradients.

Model-calculated hydraulic head compares
favorably with measured water-level data. A map of
the difference of calculated and measured water levels
shows that basin variations in transmissivity, recharge,
and discharge are adequately described. Future inves-
tigations will need to emphasize the role of local flow
systems in the Duchesne River-Uinta aquifer.
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